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Since their discovery by Geim et al. in 2004, two-dimensional van der Waals materials (2DMs) 
have attracted wide research interest for their unique electronic, optical, and mechanical 
properties. These materials consist of stacked, atomically-thin sheets bonded by van der Waals 
forces. 2DMs are suited for electronic applications due to their superb transport properties and 
resistance to short channel effects, especially if a single sheet is isolated (monolayer). One 
family of 2DMs, known as transition metal dichalcogenides (TMDCs), are particularly useful as 
channel material in transistor devices due to their often-semiconducting properties. However, 
among the various challenges associated with applying TMDCs to conventional electronic 
devices, the most important by far is the small surface area of isolated monolayers. The 
synthesis of large-area, high-quality TMDC monolayers is an important research question in the 
advancement of this field towards industrialization. 
This thesis describes the creation of field-effect transistors based on pure and alloyed TMDC 
monolayers synthesized by chemical vapor deposition (CVD). First, different synthesis 
approaches are contrasted based on experimental results. Next, TMDC films with a variety of 
electronic properties are examined using microscopic and spectroscopic characterization 
methods. Finally, field-effect devices are fabricated and measured to demonstrate the 
transport capabilities and the device viability of CVD grown TMDCs. The work described here 
can be a step toward the design of industrial 2DM process technology and provides a 
demonstration of possible approaches to characterization and device integration of 2DMs. 
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The fabrication and measurement of field-effect transistors on transition metal dichalcogenides 
is featured in this thesis. Transition metal dichalcogenides are a class of two-dimensional (2D) 
material that are currently being examined as a potential replacement to silicon in electronic 
devices. Developing semiconductor fabrication process strategies toward high volume 
manufacturing of TMDC-based field-effect transistors is an important academic goal in 
advancing this field toward industrial application. Section 1.1 explains the motivations behind 
our work. Section 1.2 provides an outline for the organization of the document.  
1.1	Motivation	
While more background on 2D materials is provided in the literature review in Chapter 2, we 
had two key motivations to investigate 2D materials in the first place. The first motivation is 
related to the concepts of Dennard scaling and Moore’s Law. Dennard scaling, named after 
Robert Dennard, refers to the property of MOSFETs and other field-effect devices in which as 
the dimensions of the device get smaller, the power density of the device stays constant. This 
has major consequences for device performance, such as lower drain-source voltage needed 
for device operation, a smaller drain current, and reduced propagation delay. Moore’s law, 
named after Gordon Moore of Intel Corporation, is an observation on the speed of technology 
scaling. Moore’s law states that the number of transistors in a single integrated circuit doubles 
every two years. 
Moore’s law has been an important part of the digital age, allowing the first room-sized 
computers to greatly improve and shrink to the size of our cellphones. However, as shown in 
Figure 1, Moore’s law is currently ending, meaning the rate of integration is slowing beyond the 
law [1]. The fundamental physical limits of silicon are being approached, and semiconductor 
foundries have begun to rely on novel device architectures to continue the trend of the law. 
While device architectures such as the silicon-on-insulator transistor or the finFET have helped 
Moore’s law persist, it has become apparent that new materials must be found to continue the 
pace of scaling. Among the various candidates for a next-generation channel material, 2D 




Figure 1 Moore’s law 
 
The other motivation to investigate two-dimensional materials is in their unique physical 
properties. As will be discussed in the following literature review, 2D materials have properties 
such as flexibility and optical transparency which make unique, previously unknown 
applications of electronics possible. However, more interesting from an academic perspective is 
the rich physical phenomenon that can be observed in 2D materials. The single-atom thickness 
of these films creates a system that is governed by quantum mechanical laws. This gives rise to 
devices that can manipulate the quantum degeneracy of the lattice through various degrees of 
freedom. Different approaches to these devices have been referred to as spintronics, 
valleytronics, and twistronics. The creation of devices governed by quantum mechanical laws is 
of interest to the fields of neuromorphic and quantum computing. 
1.2	Outline	
This thesis has been organized to provide information on the concepts studied as well as 
experimental results. In Chapter 2, a literature review is presented to establish 2D materials 
concepts that are discussed later in the thesis. We outline several seminal papers in the field 
and describe various potential approaches to our experimentation. Chapters 3, 4 and 5 report 
the research process and results. We provide information on our strategies to create field-
effect transistors on transition metal dichalcogenides based on chemical vapor deposition. 
Finally, Chapter 6 concludes the document by providing pros and cons of the approaches and 
experiments performed and provides recommendations for future approaches that can further 



























Chapters 3, 4, and 5 form the description of research results. We attempted to create a 
complete vertical process integration for monolayer TMDC device fabrication, a bridge between 
precursor materials and atomically thin field-effect transistors, completely within our 
laboratories. In order to complete this project, we divided the research objectives into three 
categories: synthesis, characterization, and device fabrication. In the synthesis section,  Chapter 
3, we conduct research on the effectiveness of different monolayer TMDC synthesis methods 
discovered in the literature review. In the characterization section, Chapter 4, we demonstrate 
the use of various surface analysis tools to understand the morphology, band structure, and 
chemical composition of the as-grown films. Finally, in device fabrication, Chapter 5, we identify 
several fabrication approaches and review results from successful fabrication strategies. The 
experimental results detailed below are collaborated from several projects conducted during 


















For this report, understanding contemporary work in synthesis, characterization, and device 
analysis of TMDC materials was crucial towards developing an effective project execution plan. 
In synthesis, various approaches to TMDC synthesis are considered. In characterization, the 
literature review focuses on understanding existing approaches to explore and verify the 
morphology and physical properties of two-dimensional materials. For the device analysis of 
TMDCs, it was important to establish benchmarks on the electronic performance of state-of-
the-art devices created using TMDCs. This literature review was helpful in the early 
identification of key project challenges and creating metrics to gauge the effectiveness of 
delivered solutions. 
2D materials were first discovered approximately fifteen years ago beginning with carbon-
based graphene [2]. These materials, often referred to as van der Waals materials, exist in bulk 
form with thousands of vertical layers. The van der Waals forces bonding these layers can be 
separated through relatively facile means, uncovering a wide range of materials with varying 
composition but similar mechanical properties. Among these materials, TMDCs have attracted 
interest from the device research community. TMDCs, or transition metal dichalcogenides, are 
so named due to their binary elemental composition. TMDCs have been shown to have 
excellent semiconducting properties, and beginning with MoS2, have been demonstrated in 
field-effect transistors [3]. 
2.1	Synthesis	of	Low-Dimensional	Transition	Metal	Dichalcogenides	
This report aims to conduct research on TMDC thin films created through scalable means. Initial 
attempts to isolate 2DMs into thin films (usually 10-20 sheets) focused on micromechanical 
exfoliation, or the “Scotch-tape method” [2]. However, this process is very low yield and does 
not lend itself to industrial mass production. Therefore, a group of researchers has begun to 
uncover ways that these materials can be synthesized through conventional semiconductor 
processes. Early research in this direction focused on physical vapor deposition (PVD). PVD 
involves depositing molecules of the desired crystal (i.e. MoS2 precursor to grow MoS2 thin-
films) under controlled conditions, thereby lowering the deposition rate and allowing for thin-
film synthesis. PVD has been shown to be successful in synthesizing TMDC crystals [4].  
Another common technique we uncovered during the literature review was chemical vapor 
deposition (CVD). A more appropriate term for this strategy would be vapor transport 
deposition. This strategy consists of reacting precursor materials that are in solid form. The 
main difference between CVD and PVD is that in CVD, a reaction occurs in addition to 
crystallization. The precursor materials in CVD are separate transition metal and chalcogen 
sources. This method has been used for many years as a preferred method of synthesizing 
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TMDC monolayers [5]. CVD can be utilized to create TMDC films with high mobility [6], but the 
process is limited in scalability. 
MOCVD, or metal-organic chemical vapor deposition, was the final technique studied during 
this literature review. The name MOCVD refers to the precursors used in the reaction. 
Precursor chemicals in an MOCVD are organic compounds which contain the needed transition 
metal and chalcogen atoms needed to form a TMDC. These organic compounds are able to 
dissociate at a lower temperature than CVD precursors, allowing for the formation of films at a 
lower growth temperature. It has been shown that MOCVD can be used to achieve wafer scale 
monolayer TMDC films [7]: however, the volatility of MOCVD precursors coupled with the low 
pressures required make this reaction significantly more dangerous than CVD. 
2.2	Characterization	of	TMDC	Monolayers	Grown	by	Chemical	Vapor	
Deposition	
Conducting a literature review on characterization techniques was helpful for successfully 
describing TMDC synthesized in the laboratory. We consulted review publications to 
understand how previous investigators used characterization tools to demonstrate the 
properties of isolated materials. The optical contrast method of identifying layer thickness in 
microscopic images [8] is helpful towards early identification of the layer thicknesses of TMDC 
materials without performing time-consuming characterization. However, to successfully prove 
that materials isolated in the laboratory are high-quality, more characterization techniques are 
required. Raman and photoluminescence, along with other spectroscopic techniques for 
identifying specific qualities of isolated materials, rely on creating a spectrogram “signature” 
which can be compared to existing data [9]. Also important is atomic force microscopy to 
physically measure the thickness of isolated flakes. While some characterization techniques 
were out of reach, such as scanning transmission electron microscopy, conducting a literature 
review on characterization techniques was helpful towards planning how to provide insight on 
synthesized materials. 
2.3	Device	Analysis	of	TMDC	Monolayers	Grown	by	Chemical	Vapor	Deposition	
The core of our work is device analysis. Electronic devices fabricated using monolayer TMDCs 
have been reported [10, 11]. Several papers are aimed at measuring TMDC electronics with an 
eye toward applications in digital and analog applications. While all of these studies included 
some information on basic transistor measurements, they also feature potential avenues for 
analysis of devices that are geared toward a specific application. In addition to devices that 
gauge the real-world application potential of monolayer TMDCs, we also found several reports 
of devices to analyze quantum phenomena [12, 13]. As mentioned later in Chapter 6, providing 
insight on quantum phenomena in non-exfoliated materials is an important research goal that 
should be targeted with a thorough analysis.  
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Another aspect of device analysis that our literature review touched on was device geometry. 
Most measurements that can be conducted in our laboratory should be three-terminal 
measurements. In these measurements, one terminal is used for sensing (usually the drain 
current magnitude) while the other two terminals are swept. We found two possible 
geometries to address these requirements. First was the more commonly encountered top-gate 
geometry [3]. This is shown in Figure 2. The top-gate device geometry provides more successful 
measurements because a larger electric field is created in the gate oxide ([3]  uses HfO2 as a 
gate oxide). However, fabrication of a top-gate requires several additional process steps. We 
considered these trade-offs as our project moved into the experimental phase. 
 
 

















After conducting a literature review on synthesis approaches that have been successful in 
growing pure and alloyed TMDC monolayers, metal-organic chemical vapor deposition 
(MOCVD) and vapor transport chemical vapor deposition (CVD) stand out as suitable 
approaches toward monolayer TMDCs and TMDC alloy synthesis. MOCVD involves transport of 
vaporous precursors to the reaction site, while CVD refers to a reaction involving solid 
elemental precursors. Equipment to facilitate both approaches was available for 
experimentation at the time of this report. While each approach has clear theoretical 
advantages, we considered the resulting effectiveness of each approach after several months of 
experimentation. 
3.1	Metal-Organic	Chemical	Vapor	Deposition	(MOCVD)	Synthesis	of	TMDCs	
Metal-organic chemical vapor deposition (MOCVD) is an attractive candidate for the synthesis 
of monolayer TMDCs. As mentioned in Chapter 2, this method has been used to grow wafer-
scale monolayer (although polycrystalline) TMDC films. Due to the ease of processing large-
scale films, obtaining successful synthesis results from MOCVD was particularly motivating. We 
employed the MOCVD synthesis tool available in the Holonyak Laboratory for our experiments 
(Figure 3). The MOCVD tool features a large, three-zone furnace and a vaporous precursor 
injection system and is specifically designed to grow TMDC crystals. However, previous work on 
synthesis using this tool has been largely unsuccessful.  
 
 
Figure 3 Metal-organic chemical vapor deposition tool  
 
Our experiments focused on using the MOCVD tool to synthesize MoS2. The tool was first fitted 
with the relevant metal-organic precursors. We employed molybdenum hexocarbonyl as a 
transition metal precursor and diethyl sulfide as a chalcogen precursor. The high volatility of 
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these precursor materials allowed for the deposition experiments to be conducted at a low 
temperature (between 500 – 600 °C). This is advantageous for the device fabrication process, 
as it is possible to fabricate devices directly on the growth substrate if thermal damage is 
limited. Due to the slow evaporation of precursor materials from their storage containers, the 
MOCVD growth of TMDCs was conducted over several hours (2-8 hours) under argon flow. 




Vapor transport chemical vapor deposition (CVD) synthesis has been the workhorse method of 
synthesizing TMDCs since the early days of the field. However, developing an effective synthesis 
strategy for the local conditions of a tool is necessary to create monolayer TMDCs with 
meaningful electronic properties. We begin our synthesis experiments with the growth of 
WSe2. WSe2 has emerged in recent years due to its relatively higher theoretical mobility 
compared with other monolayer TMDCs. Synthesis experiments were conducted in the 
Holonyak Laboratory in a separate furnace above the previously mentioned MOCVD. The vapor 
transport CVD process involves the evaporation of precursors that begin in a solid state. 
Our method of WSe2 synthesis is detailed in Figure 5. First, elemental selenium and transitional 
metal precursor tungsten oxide (WO3) is loaded into the CVD chamber with pretreated silicon 
oxide substrates. The substrates are pretreated with an organic acid that contains small 
amounts of halogen ions. These halogen ions later serve as crystal seeds during the synthesis 
process. Next, the furnace is gradually ramped up to 700 – 1000 °C, depending on the recipe 
desired, under an argon flow. As the furnace conditions rise above the theoretical synthesis 
Figure 4 MOCVD growth of MoS2 
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temperature of WSe2 (650 °C), hydrogen flow is also added. It has been shown that hydrogen 
aids in the WSe2 synthesis reaction by providing an intermediate reagent for selenium to reach 
the reaction site. Note that the reaction will be entirely unsuccessful without hydrogen. 
Following a 5 minute growth period, the furnace is allowed to cool naturally. 
 
 
Figure 5 (a) Temperature ramp profile for WSe2 growth (b) CVD growth schematic 
 
While the above synthesis conditions can be used to grow characterizable TMDCs, 
improvements must be made to the technique to improve the yield of field-effect devices 
fabricated on the crystals. We employed several strategies to improve the quality of monolayer 
films created using this process, shown in Figure 6. First was the addition of a short period after 
the growth where the temperature is kept high, but no hydrogen is flowed. We found that 
cutting off the hydrogen supply at high temperature prevents the formation of vertical growth. 
In addition, we examined the role of the precursor ratio in synthesis experiments. By varying 
the ratio of the precursors WO3 : Se, we obtained some control over the final morphology of 
monolayer WSe2 flakes (Figure 7). Through casual observation, we note that the morphology of 







Figure 6 Impact of H2-free, high temperature post anneal 
 
 
Figure 7 Impact of WO3 : Se Ratio 
 
As mentioned in Section 3.1, large-scale films greatly ease the processability of TMDCs. We 
conducted experiments on varying growth parameters to influence the surface area of 
monolayer WSe2 films. First, we investigated the role of the growth time. As seen in Figure 8, a 
short growth time results in increased nucleation density on the target substrate. While 
increasing the growth time greatly improved the growth quality, it also resulted in more bulk 
material and irregularly shaped flakes. Growth temperature also played a role in WSe2 surface 
area. Experiments conducted at temperatures higher than 800 °C resulted in large flakes, but 
with adlayer defects, which are partial bilayers that form on top of a monolayer crystal, shown 
in Figure 9. We noted that increasing the growth temperature to the top of our range reduced 





Figure 8 Impact of growth time 
 
 
Figure 9 Impact of growth temperature 
We also conducted experiments on influencing growth nucleation by varying the growth 
substrate used, shown in Figure 10. All experiments were conducted on 280 nanometer silicon 
oxide wafers, due to their relative resistance to thermal damage and ability to form a back 
contact (this is discussed in further detail in the device fabrication section). However, some 
substrates had patterned alignment marks prior to the growth process. These experiments 
revealed that the addition of small metal regions influenced the nucleation pattern. When this 
experiment was repeated with various metals (i.e. Au, Ti, etc.), the same result was observed. 
Shape-controlled growth of TMDCs is an engineering goal that may be achieved through similar 
means (this also could perhaps be done through selective hydrophilic/phobic treatment of the 





Figure 10 Substrate effects of metal alignment marks 
 
3.3	Description	of	Experimental	Results	
Ultimately, the MOCVD growth of TMDCs was largely unsuccessful. MOCVD synthesis was 
shown to have a very low yield. We obtained some MoSx crystals during the growth phase, 
shown in Figure 4. However, these crystals were very small, unresponsive to characterization, 
and highly volatile. While MOCVD seems to be an attractive candidate for the growth of 
TMDCs, more work should be done before this route is seriously considered. First, the large 
diameter of the furnace, coupled with the extremely slow release of precursor vapors (< 5 
sccm), seems to make a poor environment for crystallization at the reaction site (wafer). It 
would be highly advantageous to recreate the mechanism of the MOCVD tool at small scale 
(perhaps a 1-inch or 2-inch furnace). In addition, more work should be completed in precursor 
delivery. The current strategy, using heat to evaporate a volatile liquid, does not provide for 
consistent gas flows. If these hurdles are overcome, MOCVD could be a more attractive 
synthesis route. 
The vapor transport CVD process, on the other hand, has been successful in the growth of a 
variety of TMDC materials in the Holonyak Laboratory, shown in Figure 11. We used similar 
processes to grow homogeneous films of MoS2, WS2, and WSe2. We were also able to use the 
CVD process to synthesize TMDC crystals with spatially varying elemental composition and 
electronic properties (i.e. WSe2-2xTe2x). These experiments are discussed in further detail in 
Chapter 4. Although excellent results were obtained through the vapor transport CVD process, 
more work can be done to improve the results. Some of these improvements can be made in 
the area of precursor delivery. First, a system should be designed that creates precisely 
controlled heating zones in the CVD tool. This can be accomplished in the short-term with a 
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smaller furnace around the precursor site that is quickly heated during the correct phase of the 
growth process. Next is a better chalcogen delivery method. Chalcogen sources are available in 
gaseous form, such as H2S and H2Se. However, these gases are dangerous, so proper safety 
precautions should be established. A cylinder containing these gasses should be connected to 
the CVD system with a mass flow control which allows for precise precursor flow. This could be 




Figure 11 (a) WSe2 grown by CVD (b) MoS2 grown by CVD 
 
3.4	Remarks	and	Conclusions	
In conclusion, we have shown that CVD is a preferable technique in the synthesis of monolayer 
TMDCs. We were able to synthesize a variety of monolayer TMDC materials, including MoS2 and 
WSe2, through modifications to the basic CVD strategy. While our analysis of MOCVD was 
mostly unsuccessful, our experiments helped identify some limitations of the cleanroom 
equipment. The CVD process should be tuned further to grow higher quality samples with new 
precursor materials. However, in its current state, the monolayer TMDCs grown through CVD 







Characterization of as-grown materials is crucial to identifying and evaluating their physical 
properties. In the case of TMDC crystals and their alloys, characterization serves as an essential 
step to identifying the morphology, optical properties, and chemical composition of a particular 
2D film. In morphology, crystals must be atomically thin and visually complete, as the 
properties of 2D materials are often correlated with their thickness. Understanding the optical 
properties of particular samples is also important. Optical measurements, such as 
photoluminescence and Raman spectroscopy, help determine the energy gap and vibrational 
states of a particular material, which can form a basis for predicting its electronic properties. 
Lastly, chemical composition, especially of alloyed materials, can be analyzed to anticipate 
interfacial properties in a material. The various characterization methods can be categorized 
into two groups, microscopic and spectroscopic characterization, which are detailed in the 
following steps. 
4.1	Microscopic	Characterization	Methods	and	Results	
The physical morphology is important in the characterization of all 2D materials, including 
TMDCs. In the literature review, we mentioned the importance of layer thickness in 2D 
materials. During the microscopic characterization, we evaluated these with the use of several 
of characterization tools, including optical and atomic force microscopy.  
Through optical microscopy, it is possible to roughly identify the layer thickness of CVD flakes 
by visual inspection. The optical contrast of a TMDC crystal varies based on thickness and 
displays quantization. This is shown in Figure 12. Monolayer regions have the lowest contrast 
while thicker regions have steadily increasing contrast. It is possible to use image-processing 
software to roughly determine layer thickness based on contrast measurements, as mentioned 
in Chapter 2.  
 




To precisely determine the layer thickness of a TMDC crystal, a physical measurement is 
needed. This can be accomplished through the use of atomic force microscopy (AFM). AFM 
measurements are conducted through the use of a resonating microscopic tip which interacts 
with forces emitted from the material surface. Disturbances in the tip resonance across a 
surface can be processed into an image. We used AFM measurements primarily to confirm the 
monolayer thickness of synthesized material. This is shown in Figure 13. As mentioned in 
Chapter 2, the thickness of monolayer TMDCs is on the order of 8 Å. The phase shift signal of an 
AFM measurement must be carefully monitored to provide an accurate height measurement as 
opposed to a relative measurement. This is somewhat difficult in practice, and well-
documented sub-nm measurements are generally accepted by the 2D materials research 
community as indication of monolayer thickness. 
 
 
Figure 13 Atomic force microscopy showing sub-nanometer TMDC thickness 
4.2	Spectroscopic	Characterization	Methods	and	Results	
Spectroscopic characterization formed the cornerstone of our characterization efforts. We 
discussed the role of Raman and photoluminescence (PL) spectroscopy in 2D materials 
characterization in Chapter 2. Raman was useful in our experiments because it provides 
consistent information on the crystal state of the present sample. The experimental 
spectroscopy can be functionally fitted to reference data to assess the quality and composition 
of a particular sample. PL spectroscopy is helpful in identifying the solid-state transport 
properties of a material. When an ordered material (i.e. semiconductor) is excited with 
coherent electromagnetic radiation (a laser), the PL spectroscopy tool collects data on the 
wavelength of its photonic emissions. If the semiconductor has a direct bandgap, it will emit 
photons with energies near its optical gap. These photons are aggregated and studied in a 




Figure 14 Raman spectrum of CVD-grown WSe2 
 
As mentioned in the previous synthesis section, we employed the vapor transport CVD process 
to create TMDC crystals with varying compositions, which lead to varying band structure. In 
Figure 15, we show the transformation of WSe2 to WSe2-2xTe2x through a two-step CVD process. 
The details of the process are described elsewhere. The photoluminescence of the material 
moves to a different peak energy due to the introduction of tellurium atoms. Figure 15 shows 
the evolution of the optical gap of WSe2 after exposure to tellurium vapor for 1 hour. We 
compared our results with published reports of exfoliated crystals.  
 
 
Figure 15 Two-step synthesis of WSe2-2xTe2x (a) PL evolution after tellurization (b) Image of WSe2-2xTe2x crystal at sampling spot 





This tellurization process can be tuned to synthesize WSe2-2xTe2x crystals from WSe2 with 
varying optical gaps, shown in Figure 16. We prepared samples, designated A through E, of 
WSe2-2xTe2x alloys and conducted photoluminescence experiments. We see a gradual shift of 
the bandgap from 1.6 eV to approximately 1.4 eV with slight variations of the CVD process 
parameters. As previously mentioned, control over the gap of direct semiconductors is useful 
from an engineering perspective in a variety of devices. In addition to control over the bandgap 
of WSe2, we also uncovered additional interesting information on the usefulness of this 
material from photoluminescence. Figure 16(b) below shows that the photoluminescence 
gradually weakens in intensity as the bandgap is shifted to a lower energy (infrared). In 
addition, when certain samples were measured, they did not display any photoluminescence. 
This phenomenon was considered possible evidence of a phase shift in the material. 
 
 
Figure 16 Photoluminescence evolution in WSe2-2xTe2x (a) normalized (b) raw measurement 
 
Before conclusions can be drawn using PL spectroscopy, it is crucial to obtain further evidence 
to support claims about tellurium introduction using additional characterization methods. First, 
the chemical composition of the films was verified through x-ray photoelectron spectroscopy 
(XPS). XPS involves studying the kinetic energy of electrons emitted from the surface of a 
material through x-ray excitation. When XPS measurements were conducted on WSe2-2xTe2x 
alloys, we noticed the presence of tellurium in the spectra. This is shown in Figure 17(a). 
Further analysis of other tellurium orbitals is recommended to obtain an accurate composition 
measurement with XPS. Next, we returned to Raman spectroscopy to obtain more evidence on 
changing material properties and phase shift. We measured the sample alloys previously 
analyzed with PL spectroscopy. Remarkably, we notice a gradual shift in the Raman signal that 
correlates with the shift in the PL signal. This is caused by changes in lattice dynamics as the 
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material is converted into an alloy. Moreover, the Raman spectra of the samples without a PL 
signal displayed a Raman signature similar to pure WTe2, which is a semimetal. 
 
 
Figure 17 (a) XPS and (b) Raman spectra of WSe2-2xTe2x alloys 
 
These exciting spectroscopic results discussed in Section 3.2 are important steps in evaluating 
the electronic properties of a material. We established spectroscopic evidence of monolayer 
TMDC optical and electronic properties by comparing the results of our experiments with 
reports in literature. This style of analysis should be complimented with additional materials 
characterization steps to provide a solid foundation for claims about material properties. One 
step is consultation of theory to support experimental conclusions. 
4.3	Theoretical	Considerations	
Theoretical analysis of TMDCs has been helpful in the field of 2D materials throughout its 
history, helping create a roadmap for new material discoveries. One theoretical approach is 
density functional theory (DFT), which can be conducted through the Vienna Ab Initio 
Simulation Package (VASP). Here, a model for the crystal lattice of the TMDC is established 
using lattice constants, and a band diagram is developed using modified DFT techniques. The 
band structure of the 2H-WSe0.8Te1.2 (60%) alloy retains its direct bandgap at the K point but 
with a reduced bandgap due to alloying. DFT calculations suggest the band gap is 1.28 eV, but 
this method is known to underestimate the actual bandgap. This retention of the overall band 
structure of alloyed 2H phase explains why the PL signal is initially strong with tellurization. This 
band structure retention upon alloying holds true for 1T’-WSe0.16Te1.84 alloy (92% Te) where, 
more importantly in this case, there is no bandgap as the band structure is semi-metallic. The 
calculations described here are shown elsewhere and were conducted by a collaborating 
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institution. Deep analysis into topics such as TMDC phase change should be combined with 
theoretical modelling. 
4.4	Remarks	and	Conclusions	
In conclusion, we have shown that the monolayer TMDCs synthesized in the previous phase of 
the project have excellent and unique properties and are useable for device fabrication. We 
showed that the properties of homogeneous TMDCs match closely with expected results from 
literature. In addition, we also demonstrated the power of spectroscopic characterization when 
analyzing the properties of novel materials. Characterization is an essential step in the 
semiconductor device engineering field to illustrate the capabilities of materials. A successful 
electronic analysis of novel and exotic materials should include a characterization step to 



















For this project, the primary motivation behind obtaining TMDC monolayers was to fabricate 
electronic devices. We created field-effect transistors (FETs) using both pure and alloyed TMDC 
crystals to evaluate the electronic transport behavior in the materials. During Chapters 2 and 4, 
we established that the direct-gap semiconducting properties of TMDCs are suited for 
transconductance modulation by applied voltage as well as incident light. Therefore, we 
considered device geometries that would allow us to study these behaviors more effectively. 
After designing a suitable device geometry for the measurements of interest, we continue to 
device fabrication. We employ several fabrication variants to identify a method of fast 
prototyping for pristine-quality device measurements. Once a suitable method of fabrication is 
established, we proceed to analysis of devices and conclude with future plans. 
5.1	Devices	under	Consideration	
The direct-gap semiconducting properties of WSe2 and other TMDCs make certain devices more 
useful to obtain performance measurements. During the early phase of the device fabrication 
process, we created a plan that would help us evaluate the transconductance modulation 
properties of WSe2 monolayer synthesized by the earlier mentioned CVD technique.  
We created device patterns with four main geometries to help us evaluate the films. First was 
the standard two-terminal device, shown in Figure 18. This geometry was useful especially in 
the early phase of experimentation to rapidly prototype new devices on freshly synthesized 
material. The standard two-terminal device consists of two electrodes that are 5 µm in width. 
The device channel has a designed spacing of 3 µm. We selected this size to compromise 
between ease of fabrication and quality of the resulting measurements. Next was the 
transmission line measurement (TLM) device. This device consists of several electrodes with 
varying spacing. The purpose of the TLM device is to obtain a contact resistance measurement, 
which would help study the transport properties of the film more effectively (TMDC crystals 
suffer from high contact resistance). The importance of Hall measurements for the carrier 
mobility of semiconductors led to our interest in Hall bar devices. These devices consist of 
several electrodes contacting a strip of material. Finally, we designed a photodetector device 






Figure 18 Device geometries for Hall bar (left), transmission line (center), and two-terminal device (right) 
 
5.2	Device	Fabrication	Methods	and	Review	
Lithography on monolayer TMDCs is less straightforward than lithography on bulk materials or 
even on TMDCs with higher layer counts. The fragile nature of monolayer TMDCs makes 
forming an effective surface contact difficult. We noticed early in the device fabrication process 
that the addition of water on the substrates severely damaged the integrity of TMDC materials. 
This made traditional optical lithography difficult, as the use of most conventional photoresist 
chemicals requires a de-ionized water immersion. We believe that this may be the result of the 
organic acid growth promoter during the synthesis step (it may be soluble in water). Regardless, 
traditional optical lithography processes were off-limits. We devised three other “waterless” 
processes to achieve successful device fabrication only though the use of solvents. 
First, we conducted experiments on shadow mask printing of contacts. This is a lithography-free 
process that is advantageous towards monolayer TMDC device fabrication due to its fast 
turnaround time. The shadow mask method relies on a mask that consists of a pattern that is 
physically etched through the substrate, creating an exposed hole. The pattern is aligned with 
the monolayer TMDC and attached using a clamp system. Next, the substrate with attached 
mask is placed in an evaporator for metal deposition. Finally, when the mask is lifted from the 
substrate, only the metal on the exposed region is left on the substrate. We tried using this 
technique on WSe2, with moderate success. However, this method has several disadvantages. 
First, only one device can be fabricated per wafer fragment, which reduces productivity greatly. 
Also, the clip apparatus was difficult to keep precisely aligned (micrometer precision) during 
transport to the metal evaporator. Figure 19 shows the result of a shadow mask printed contact 
that was misaligned during the evaporation process. This is a large practical hurdle that made 





Figure 19 Shadow mask printed contact 
 
Next, we examined transfer printing the contacts. This approach was unique because it could 
fabricate devices with only a few steps. Here, a polymer stamp is patterned with metal 
electrodes by a transferred optical lithography. This stamp is attached to the target substrate 
after being aligned to a monolayer TMDC crystal. Finally, the stamp is etched away, leaving the 
patterned electrodes on the target substrates. Transfer printing was fairly successful in two-
terminal devices after limited experimentation and could be developed further. This method 
was successful in making high-performance devices (Figure 20) and has potential to be the 
preferred method of monolayer TMDC device fabrication. However, at the time of this report, 
the transfer printing method was difficult to master due to the extensive preparation required 
to create polymer stamps with the correct properties. 
 
 
Figure 20 Transfer printing of contacts 
The electron beam lithography (EBL) method of fabricating field-effect transistors on monolayer 
TMDCs was the most carefully studied path in this analysis. EBL is conducted using a modified 
scanning electron microscope (SEM) that is fitted with a more powerful, scanning beam to 
remove resist. This method was successful in fabricating several devices on a single target 
substrate with excellent repeatable yield. Our EBL strategy evolved over the course of 
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experimentation. First, we aligned a single two-terminal device on the substrate using 
landmarks on the wafer surface (other flakes, contaminates). This method was relatively 
simple, but the large number of samples on each target substrate drew our interest to creating 
multiple devices per substrate to eliminate waste and obtain more measurements.  
Therefore, we evolved our strategy to include two exposure steps. The first exposure step was 
to create alignment marks over a large swathe of the target substrate. Alignment marks create 
a grid so a global device pattern can be created across selected TMDC crystals on the surface. 
The second exposure step involves creating device patterns on the grid. This method was 
successful in creating high-performance devices, described in the following section. However, 
the limiting factor in creating devices through two exposure steps was contamination. 
Contamination in the EBL process originates from resist (PMMA) residue that is left on the 
substrates following exposure. If enough of this residue accumulates, the electrodes will not 
make good contact with the TMDC crystal and the device will behave as an open circuit. Also, 
having more devices on each target substrate can result in very large exposure times (3-5 
hours). Therefore, the contamination in the EBL process can be particularly devastating if 
noticed at the end of the process line. 
We devised a key strategy to fabricate devices using EBL by combining both of our previous 
approaches. For this strategy, alignment marks were created on the substrate prior to the 
synthesis process. However, these alignment marks should be fabricated in a manner that does 
not disturb the growth process. We noted in Chapter 3 that the addition of metal alignment 
marks can result in growth nucleation. Therefore, we needed to devise a method of creating 
alignment marks across the surface of a wafer without using any metal deposition. A process 
devised by several previous Zhu Group members was employed to accomplish this. Here, 
alignment marks are created by using silicon oxide layers of different thickness. The thin oxide 
regions over alignment marks are visible under the SEM. With this method, we were able to 
process tens of devices on a single target substrate through a single exposure step, thereby 
greatly reducing contamination and improving yield. However, it should be noted that the 
target substrates should be carefully oxidized to ensure thorough coverage to avoid device 
leaks. This consideration is detailed in the following section. 
5.3	Device	Analysis	and	Discussion	
Device analysis is the core of this work. Demonstrating the electronic properties of monolayer 
TMDCs was the primary motivation of this project, although many intermediate steps had to be 
performed prior to device measurement. Due to the difficulty of successfully integrating the 
vertical process, we focused on obtaining successful measurements with the two-terminal 
device discussed previously. Using this device, it is possible to collect several datasets that form 
the foundation of understanding monolayer TMDC electronic behavior.  
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Measurements were conducted by placing a TMDC monolayer sample in a vacuum probe 
station connected to a multi-purpose parametric analyzer. In the probe station, probes are 
dropped on each of the two terminals to form a source-drain pair. We modulated the gate 
voltage through the oxide substrate using a back contact. The ability to probe devices directly 
on the growth substrate was indispensable in successful integration of the vertical process. Our 
production cycle was faster and cleaner than a cycle that includes a transfer step, allowing us to 
measure the properties of the monolayer TMDCs with minimal degradation. However, this 
method does have a drawback that limits the quality of device measurement. 
Several measurements on monolayer WSe2 are shown in Figure 21. The devices were fabricated 
using the two-step electron beam lithography method described previously (metal is deposited 
in the PMMA “holes” used in alignment when creating the devices). Figure 21(a) below shows 
the devices just prior to measurement. We collected two primary datasets during two-terminal 
electrical measurements. First, shown in Figure 21(b), shows the drain current measured across 
the terminals as a function of the gate voltage applied to the substrate. We also swept the 
drain voltage parameter to obtain a family of curves. We see in this plot that the two-terminal 
device is able to transport tens microamps when the gate voltage is high. We also see that the 
on-off ratio is on the order of 106, a benchmark that is often cited as indication that the device 
can perform well in digital electronics.  
Figure 21(c) shows the transfer characteristic of WSe2. Here, the drain voltage is continuously 
swept while the gate voltage is parametrically swept. The IDS-VDS plot is useful in demonstrating 
two properties of the devices fabricated. First, we see that the drain current only saturates 
when a large gate voltage is applied to the back gate, such as 40 V. This is due to the thick oxide 
used during the growth process. As mentioned previously, using the same substrate for 
synthesis and measurement is advantageous for fast prototyping of devices. However, the 
disadvantage of this procedure is apparent in device measurement. The thick oxide limits the 
magnitude of the electric field that can be generated across the channel. This prevents the 
field-effect transistor from reaching the deep saturation regime of operation, limiting 
conclusions that can be drawn from the measurements. 
Figure 21(d) is an example of a derived distribution from measured data. The semiconductor 
carrier mobility is an important metric in determining the high-speed performance of field-
effect transistors. Carrier mobility can be physically measured through a variety of techniques, 
but it can also be derived with IDS-VGS shown in Figure 21(b). We used a derivation technique to 
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Here, the slope of the linear region of the IDS-VGS characteristic is represented by the 
transconductance gm. This is multiplied by the ratio of the physical channel width and length 
and divided by the drain-source voltage used for the measurement. Finally, the substrate gate 
capacitance magnitude is divided by the result. Through this calculation we found that the 
mobility of of WSe2 is on the order of 10 cm2/ V s. While this is somewhat lower than the 
mobility of silicon and other conventional electronics, this experiment demonstrates that 
monolayer TMDCs are viable for integration in electronic devices, but more work needs to be 
completed on improving the quality of synthesized monolayers.  
 
Figure 21 (a) Optical image of bottom-gate devices fabricated with e-beam lithography (scale = 100µm) (b) Current vs. voltage 





In summary, this chapter presented ideas on device geometries, fabrication strategies, and 
analysis results. We showed that the transport properties of TMDCs synthesized by CVD are 
comparable to exfoliated films. Although devices created in this thesis work performed well, 
more work could be performed on improving the device fabrication speed and strategy. It 
would also be very interesting and more conclusive if device measurements such as mobility 
were performed using a variety of analysis techniques. Also, while the analysis presented in this 
report did not address the goal of quantum measurements, such an analysis could be achieved 





















This chapter concludes the thesis by providing recommendations on future experiments and 
reviews the progress of the previous three chapters. The chapter is aimed at giving 
investigators a roadmap for improving the overall process associated with TMDC field-effect 
transistor fabrication. First, in Section 6.1, we discuss key areas of work for each portion of the 
thesis project, including TMDC synthesis, characterization, and device fabrication. In Section 
6.2, we discuss the merit and limitations of the approach taken in the thesis and conclude the 
document. 
6.1	Future	Work	in	TMDC	Monolayers	Grown	by	Chemical	Vapor	Deposition	
The work performed on WSe2 and WSe2-2xTe2x TMDC monolayer field-effect transistors has a 
variety of motivations. One is experimentation towards functionally graded TMDC monolayers. 
Graded alloys, where the composition of the material varies gradually over its surface, could be 
useful for the design of certain optical devices. Another motivation is efficient phase 
modulation of TMDC crystals. As mentioned in Chapter 2, TMDCs can exist in a variety of 
crystallographic phases with divergent electronic properties. There is engineering potential in 
manipulating the phase of tailor-made alloyed TMDC crystals with small transition energies. 
Last is the potential of using the broken inversion symmetry of alloyed TMDCs to separate spin 
degenerate states or manipulate the internal valley degree of freedom. These pursuits, dubbed 
spintronics and valleytronics, hold the attractive promise of using atomic phenomena to store 
information and thus are particularly interesting in the fields of quantum computing and 
neuromorphic computing.  
However, in order to realize these fantastic applications, additional research is required in three 
main areas. First, in synthesis, a more effective method of manipulating the chemical 
composition of TMDCs must be developed. This could be done in the short term by combining 
some elements of the MOCVD and CVD processes discussed in Chapter 3. Ultimately, a 
migration towards MOCVD or atomic layer deposition (ALD) technology in the synthesis of 
TMDC monolayers is required to obtain precise functional control of crystalline structure and 
composition.  
Next is the need for more sophisticated characterization methods. The characterization 
methods listed in Chapter 4 fail to fully illustrate the nanoscale materials that are being 
designed. A common limitation is the relatively large sampling region of surface analysis-based 
tools. It would be helpful to have access to sophisticated XPS, auger electron spectroscopy 
(AES), and scanning transmission electron microscopy (STEM) tools to properly characterize this 
material. Such tools exist, but some work in sample preparation will be required to make 
efficient use of them. 
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Lastly is the need for an improved monolayer TMDC device fabrication plan. Monolayer TMDCs, 
with their sub-nanometer thickness, are difficult to bring into contact with metal, mainly due to 
their fast degradation and residue formed during the lithography process. A transfer-based 
contact fabrication strategy that avoids lithography may be useful. Early approaches to this 
were discussed in Chapter 5, but additional work can be done between process steps to form a 
cleaner contact (i.e. careful tuning of the e-beam lithography process). In the future, two-
dimensional contacts, created using graphene or metallic TMDCs, can prove immensely helpful 
in lowering device contact resistance.  
6.2	Conclusion	
This thesis has provided a semiconductor fabrication roadmap towards creating field-effect 
transistors of transition metal dichalcogenides synthesized by chemical vapor deposition. We 
have presented several discussions in the three broad categories that constitute a thorough 
analysis of a two-dimensional material with electronic applications. The thesis concludes with 
recommendations on future analysis topics for investigators interested in further developing 
these experiments. We have shown that a monolayer TMDC industrial process can be created 
within a laboratory setting and can provide material quality comparable to monolayer TMDCs 
exfoliated using the non-scalable exfoliation method. However, this analysis has also 
demonstrated several drawbacks to our approach. Improvements could be made to the process 
to obtain materials on-par with records seen in literature. However, using the foundation of 
techniques described in this thesis, investigators have successfully debuted new concepts for 
publication. The knowledge and techniques gained in this project will provide the foundation 
for the research in 2D TMDCs and the techniques described merit further development. 
Nanoscale devices based on TMDC materials can be developed to have broad applications in 
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